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(54) Process for producing a gallium nitride crystal substrate 



(57) A metal film is deposited on a starting sub- 
strate, which is any one of a single crystal sapphire sub- 
strate, a substrate comprising a single crystal gallium 
nitride film grown on a sapphire substrate, and a single 
crystal semiconductor substrate, and a gallium nitride 
film is deposited on the metal film to form a laminate 



substrate. By virtue of the above construction, after the 
growth of the gallium nitride film, the gallium nitride film 
can be easily separated from the starting substrate, and 
a gallium nitride crystal substrate, which has low defect 
density and has not been significantly contaminated 
with impurities, can be produced in a simple manner. 
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Description 

BACKGROUND OF THE INVENTION 

FIELD OF THE INVENTION 5 

[0001] The invention relates to a process for produc- 
ing a gallium nitride crystal substrate, and a gallium ni- 
tride crystal substrate. 

Prior Art 

[0002] GaN compound semiconductors, such as gal- 
lium nitride (GaN), indium gallium nitride (InGaN), and 
gallium aluminum nitride (GaAIN), have drawn attention 
as materials for blue tight-emitting diodes (LEDs) and 
laser diodes (LDs). Further, by virtue of good heat re- 
sistance and environmental resistance, GaN compound 
semiconductors have been used in the optical devices, 
as well as in the development of elements for electronic 
devices utilizing these features. 

[0003] In the GaN compound semiconductors, how- 
ever, it is difficult to grow bulk crystal, and, for this rea- 
son, GaN substrates, which can be put to practical use, 
have not been produced yet. Sapphire is a substrate for 
the growth of GaN which is presently extensively put to 
practical use, and it is common practice to epitaxially 
grow GaN on a single crystal sapphire substrate, for ex- 
ample, by metal-organics vapor phase epitaxy 
(MOVPE). 

[0004] The sapphire substrate is different from GaN 
in lattice constant, and, thus, when GaN is grown directly 
on the sapphire substrate, a single crystal film cannot 
be grown. To overcome this problem, Japanese Patent 
Laid-Open No. 1 88983/1 988 discloses a method where- 
in a buffer layer of AIN or GaN is once grown at a low 
temperature on the sapphire substrate, for reducing 
strain of lattice and GaN is then grown on the buffer lay- 
er. 

[0005] Even in the case of the growth of GaN using 
the low-temperature grown buffer layer, however, a dif- 
ference in lattice constant between the substrate and 
the crystal occurs, and, consequently, GaN has numer- 
ous defects which are expected to be an obstacle to the 
production of GaN-base LDs. Further, due to the differ- 
ence in a coefficient of linear expansion between the 
sapphire substrate and GaN, warpage occurs in the 
substrate after epitaxy, and, in the worst case, the sub- 
strate is disadvantageously cracked. 
[0006] For this reason, the development of GaN bulk 
substrates has been eagerly desired. 
[0007] Although the growth of a large bulk GaN crystal 
is very difficult, a method has recently been proposed 
wherein a thick film of GaN is heteroepitaxially grown 
on a substrate, for example, by HVPE and the substrate 
is then removed to provide a free standing substrate of 
GaN. 

[0008] By the way, at the present time, any technique 



for separating GaN grown on the sapphire substrate by 
etching has not been developed. Although an attempt 
to mechanically remove the sapphire substrate by pol- 
ishing has also been made, the warpage of the substrate 
is increased in the process of polishing and the proba- 
bility of cracking of the substrate is high. For this reason, 
this method has not been put to practical use. 
[0009] Here Jpn. J. Appl. Phys. Vol. 38 (1999) Pt. 2, 
No. 3A reports a method wherein, after the growth of a 
thick GaN film on a sapphire substrate by HVPE, laser 
pulses are applied to separate only the GaN film. How- 
ever, this method also is likely to cause cracking of the 
substrate. 

[0010] Further, Japanese Patent Laid-Open No. 
12900/2000 discloses a method using an easily remov- 
able substrate. In this method, a thick GaN film is grown 
on a GaAS substrate by HVPE and the GaAs substrate 
is then removed by etching. According to this method, 
a large GaN substrate can be prepared in a relatively 
high yield. This method, however, has a problem that 
the GaAs substrate is disadvantageously decomposed 
during the growth of the GaN crystal and arsenic (As) is 
included as an impurity into the GaN. 
[001 1] Selective growth using a patterned mask is ef- 
fective for reducing the defect density of epitaxially 
grown GaN, and, for example, Japanese Patent Laid- 
Open No. 312971/1998 discloses a technique for this. 
Since, however, there is no method for easily separating 
the substrate, the above technique cannot be effectively 
utilized in the production of a free standing substrate of 
GaN. 

SUMMARY OF THE INVENTION 

[0012] Accordingly, it is an object of the invention to 
solve the problems of the prior art and to provide a proc- 
ess for producing, in a simple manner, a gallium nitride 
crystal substrate, which has low defect density and has 
not been significantly contaminated with impurities, and 
a gallium nitride crystal substrate produced by the pro- 
duction process. 

[0013] According to the first feature of the invention, 
a process for producing a gallium nitride crystal sub- 
strate, comprises the steps of: 

depositing a metal film on a starting substrate, 
which is any one of a single crystal sapphire sub- 
strate, a substrate comprising a single crystal gal- 
lium nitride film grown on a sapphire substrate, and 
a single crystal semiconductor substrate; 
depositing a gallium nitride film on the metal film to 
form a laminate substrate; and 
removing the starting substrate from the laminate 
substrate with the gallium nitride film deposited 
thereon to prepare a free standing gallium nitride 
crystal substrate. 

[0014] According to the second feature of the inven- 
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tion, a process for producing a gallium nitride crystal 
substrate, comprises the steps of: 

depositing a metal film on a starting substrate, 
which is any one of a single crystal sapphire sub- 
strate, a substrate comprising a single crystal gal- 
lium nitride film grown on a sapphire substrate, and 
a single crystal semiconductor substrate; 
forming a mask region and a gallium nitride selec- 
tive growth region formed of a patterned mask ma- 
terial on the metal film; 

depositing, using the selective growth region as an 
origin, a gallium nitride film on the selective growth 
region and the mask region to form a laminate sub- 
strate; and 

removing the starting substrate from the laminate 
substrate with the gallium nitride film deposited 
thereon to prepare a free standing gallium nitride 
crystal substrate. 

[001 5] According to the third feature of the invention , 
a process for producing a gallium nitride crystal sub- 
strate, comprises the steps of: 

depositing a metal film on a starting substrate, 
which is any one of a single crystal sapphire sub- 
strate, a substrate comprising a single crystal gal- 
lium nitride film grown on a sapphire substrate, and 
a single crystal semiconductor substrate; 
depositing a gallium nitride film on the metal film; 
forming a mask region and a gallium nitride selec- 
tive growth region formed of a patterned mask ma- 
terial on the gallium nitride film; 
again depositing, using the selective growth region 
as an origin, a gallium nitride film on the selective 
growth region and the mask region to form a lami- 
nate substrate; and 

removing the starting substrate from the laminate 
substrate with the gallium nitride film again depos- 
ited thereon to prepare a free standing gallium ni- 
tride crystal substrate. 

[0016] According to the fourth feature of the invention, 
a process for producing a gallium nitride crystal sub- 
strate, comprises the steps of: 
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film to form a laminate substrate; and 
removing the starting substrate from the laminate 
substrate with the gallium nitride film again depos- 
ited thereon to prepare a free standing gallium ni- 
5 tride crystal substrate. 

[001 7] The production processes according to the first 
to fourth features of the invention having the above re- 
spective constructions may further comprise the steps 
10 of: 

depositing a metal film on a starting substrate, 
which is the free standing gallium nitride crystal sub- 
strate; 

15 depositing a gallium nitride film on the metal film to 
form a laminate substrate; and 
removing the starting substrate from the laminate 
substrate with the gallium nitride film deposited 
thereon to prepare a free standing gallium nitride 
20 crystal substrate. 

[001 8] The production processes according to the first 
to fourth features of the invention having the above re- 
spective constructions may further comprise the steps 
25 of: 

depositing a metal film on a starting substrate, 
which is the free standing gallium nitride crystal sub- 
strate; 

30 forming a mask region and a gallium nitride selec- 
tive growth region formed of a patterned mask ma- 
terial on the metal film; 

depositing, using the selective growth region as an 
origin, a gallium nitride film on the selective growth 
35 region and the mask region to form a laminate sub- 
strate; and 

removing the starting substrate from the laminate 
substrate with the gallium nitride film deposited 
thereon to prepare a free standing gallium nitride 
40 crystal substrate. 

[0019] The production processes according to the first 
to fourth features of the invention having the above re- 
spective constructions may further comprise the steps 
45 of: 

depositing a metal film on a starting substrate, 
which is the free standing gallium nitride crystal sub- 
strate; 

depositing a gallium nitride film on the metal film; 
forming a mask region and a gallium nitride selec- 
tive growth region formed of a patterned mask ma- 
terial on the gallium nitride film; 
again depositing, using the selective growth region 
as an origin, a gallium nitride film on the selective 
growth region and the mask region to form a lami- 
nate substrate; and 

removing the starting substrate from the laminate 



forming a mask region and a gallium nitride selec- 
tive growth region formed of a patterned mask ma- 
terial on a starting substrate, which is any one of a 
single crystal sapphire substrate, a substrate com- 50 
prising a single crystal gallium nitride film grown on 
a sapphire substrate, and a single crystal semicon- 
ductor substrate; 

depositing, using the selective growth region as an 
origin, a gallium nitride film on the selective growth 55 
region and the mask region; 
forming a metal film on the gallium nitride film; 
again depositing a gallium nitride film on the metal 
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substrate with the gallium nitride film again depos- 
ited thereon to prepare a free standing gallium ni- 
tride crystal substrate. 

[0020] The production processes according to the first 5 
to fourth features of the invention having the above re- 
spective constructions may further comprise the steps 
of: 

forming a mask region and a gallium nitride selec- fo 
tive growth region formed of a patterned mask ma- 
terial on a starting substrate which is the free stand- 
ing gallium nitride crystal substrate; 
depositing, using the selective growth region as an 
origin, a gallium nitride film on the selective growth 15 
region and the mask region; 
forming a metal film on the gallium nitride film; 
again depositing a gallium nitride film on the metal 
film to form a laminate substrate; and 
removing the starting substrate from the laminate 20 
substrate with the gallium nitride film again depos- 
ited thereon to prepare a free standing gallium ni- 
tride crystal substrate. 

[0021] In the above production processes, the metal 25 
film is preferably a metal film having C-axis orientation. 
[0022] In the above production processes, the metal 
film is preferably formed of a member selected from the 
group consisting of aluminum, gold, silver, copper, plat- 
inum, iron, nickel, titanium, zirconium, and hafnium and 30 
alloys containing any one of said metals. 
[0023] In the above production processes, preferably, 
the metal film has a thickness in the range of 1 0 to 1 000 
nm. 

[0024] In the above production processes, preferably, 35 
the gallium nitride is deposited to a thickness of not less 
than 50 jim. 

[0025] In the above production processes, aluminum 
nitride may be deposited on the metal film, followed by 
the deposition of gallium nitride on the aluminum nitride. 40 
[0026] In the above production processes, preferably, 
a part or the whole of the step of depositing gallium ni- 
tride is carried out by HVPE. 

[0027] In the above production processes, preferably, 
the step of removing the starting substrate is the step of 45 
separating the gallium nitride film from the substrate 
through the metal film. 

[0028] In the above production processes, preferably, 
the gallium nitride film is separated from the starting sub- 
strate by etching the metal film. 50 
[0029] According to the invention, a metal film is de- 
posited on a starting substrate, which is any one of a 
single crystal sapphire substrate, a substrate compris- 
ing a single crystal gallium nitride film grown on a sap- 
phire substrate, and a single crystal semiconductor sub- 55 
strate, and a gallium nitride film is deposited on the metal 
film to form a laminate substrate. By virtue of the above 
construction, after the growth of the gallium nitride film, 



6 

the single crystal of gallium nitride can be easily sepa- 
rated from the starting substrate. 
[0030] The separation of the grown single crystal of 
gallium nitride from the starting substrate can also be 
facilitated by the adoption of a construction wherein a 
mask region and a gallium nitride selective growth re- 
gion formed of a patterned mask material are formed on 
a metal film, a gallium nitride film is deposited, using the 
selective growth region as an origin, on the selective 
growth region and the mask region to form a laminate 
substrate, and a starting substrate is formed from the 
laminate substrate. 

[0031] Further, the separation of the grown single 
crystal of gallium nitride from the starting substrate can 
also be facilitated by the adoption of a construction 
wherein a gallium nitride film is deposited on a metal 
film, a mask region and a gallium nitride selective growth 
region formed of a patterned mask material are formed 
on the gallium nitride film, and a gallium nitride film is 
again deposited, using the selective growth region as 
an origin, on the selective growth region and the mask 
region to form a laminate substrate. 
[0032] Furthermore, the separation of the grown sin- 
gle crystal of gallium nitride from the starting substrate 
can also be facilitated by the adoption of a construction 
wherein a mask region and a gallium nitride selective 
growth region formed of a patterned mask material are 
formed on a starting substrate, a gallium nitride film is 
deposited, using the selective growth region as an ori- 
gin, on the selective growth region and the mask region, 
a metal film is formed on the gallium nitride film, and a 
gallium nitride film is again deposited on the metal film 
to form a laminate substrate. 

[0033] In particular, not only the facilitation of the sep- 
aration of the grown single crystal of gallium nitride from 
the starting substrate but also a further reduction in crys- 
tal defects can be realized by the adoption of a construc- 
tion wherein a metal film is deposited on a starting sub- 
strate, which is a free standing gallium nitride crystal 
substrate, and a gallium nitride film is deposited on the 
metal film to form a laminate substrate with the gallium 
nitride film deposited thereon. 

[0034] In particular, not only the facilitation of the sep- 
aration of the grown single crystal of gallium nitride from 
the starting substrate but also a further reduction in crys- 
tal defects can be realized by the adoption of a construc- 
tion wherein a metal film is deposited on a starting sub- 
strate, which is a free standing gallium nitride crystal 
substrate, a mask region and a gallium nitride selective 
growth region formed of a patterned mask material are 
formed on the metal film, and a gallium nitride film is 
deposited, using the selective growth region as an ori- 
gin, on the selective growth region and the mask region 
to form a laminate substrate with the gallium nitride film 
deposited thereon. 

[0035] In particular, not only the facilitation of the sep- 
aration of the grown single crystal of gallium nitride from 
the starting substrate but also a further reduction in crys- 
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tai defects can be realized by the adoption of a construc- 
tion wherein a metal film is deposited on a starting sub- 
strate, which is the free standing gallium nitride crystal 
substrate, a gallium nitride film is deposited on the metal 
film, a mask region and a gallium nitride selective growth 5 
region formed of a patterned mask material are formed 
on the gallium nitride film, a gallium nitride film is then 
again deposited, using the selective growth region as 
an origin, on the selective growth region and the mask 
region to form a laminate substrate with the gallium ni- 
tride film again deposited thereon. 
[0036] In particular, not only the facilitation of the sep- 
aration of the grown single crystal of gallium nitride from 
the starting substrate but also a further reduction in crys- 
tal defects can be realized by the adoption of a construc- 
tion wherein a mask region and a gallium nitride selec- 
tive growth region formed of a patterned mask material 
are formed on a starting substrate, which is a free stand- 
ing gallium nitride crystal substrate, a gallium nitride film 
is deposited, using the selective growth region as an or- 
igin, on the selective growth region and the mask region, 
a metal film is formed on the gallium nitride film, and a 
gallium nitride film is again deposited on the metal film 
to form a laminate substrate. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0037] The invention will be explained in more detail 
in conjunction with the appended drawings, wherein: 

Fig. 1 is a cross-sectional view showing one pre- 
ferred embodiment of an epitaxially grown gallium 
nitride laminate substrate to which the production 
process of a gallium nitride crystal substrate ac- 
cording to the invention has been applied; 
Fig. 2 is a cross-sectional view showing another 
preferred embodiment of an epitaxially grown gal- 
lium nitride laminate substrate to which the produc- 
tion process of a gallium nitride crystal substrate ac- 
cording to the invention has been applied; 
Fig. 3 is a cross-sectional view showing still another 
preferred embodiment of an epitaxially grown gal- 
lium nitride laminate substrate to which the produc- 
tion process of a gallium nitride crystal substrate ac- 
cording to the invention has been applied; 
Fig. 4 is a cross-sectional view showing a further 
preferred embodiment of an epitaxially grown gal- 
lium nitride laminate substrate to which the produc- 
tion process of a gallium nitride crystal substrate ac- 
cording to the invention has been applied; and 
Fig. 5 is a cross-sectional view showing one pre- 
ferred embodiment of a light emitting device using 
the gallium nitride crystal substrate according to the 
invention. 
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DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0038] Preferred embodiments of the invention will be 
explained in detail. 

[0039] The process for producing a gallium nitride 
crystal substrate according to the invention is charac- 
terized by comprising the steps of: providing a starting 
substrate, which is any one of a single crystal sapphire 
substrate, a substrate with a single crystal gallium nitride 
film grown thereon, and a single crystal semiconductor 
substrate; depositing a metal film, which can be easily 
removed in a later step, on the starting substrate; and 
further depositing a gallium nitride film on the metal film. 
The following properties are required of metal films uti- 
lizable in the production process of the invention. 

(1 ) In order to epitaxially grow a single crystal of gal- 
lium nitride on a metal film, the metal film should at 
least have C-axis orientation (a film of a certain cu- 
bic metal having (111) crystallographic orientation 
or a film of a hexagonal metal having (0001) crys- 
tallographic orientation can be grown on a C-face 
or A-face of sapphire or gallium nitride. Further, the 
same oriented film can also be grown on (111 ) face 
of cubic single crystal of silicon, gallium arseniede 
or the like). 

(2) At a gallium nitride growable temperature 
(500°C or above), the metal film should be neither 
melted nor is reacted with a sapphire substrate, gal- 
lium nitride, or ammonia gas or hydrogen gas as the 
growing atmosphere, causing disturbance of C-axis 
orientation. 

(3) The metal film can be reacted with an acid, an 
alkali or the like, which does not attack gallium ni- 
tride, to facilitate the separation of gallium nitride 
from the laminate substrate. 

[0040] Metals, which can satisfy the above require- 
ments (1) to (3), include aluminum, gold, silver, copper, 
platinum, nickel, titanium, zirconium, and halfnium. The 
use of these metal films can reduce strain derived from 
a difference in lattice constant or particularly a difference 
in a coefficient of thermal expansion between the sub- 
strate and the gallium nitride film, can reduce the defect 
density of grown gallium nitride, and, at the same time, 
can realize the production of a gallium nitride substrate 
having no significant warpage. 

[0041] The metal film can be deposited, for example, 
by vapor deposition, sputtering, or various CVDs. The 
metal film preferably has a flat surface and covers the 
whole area of the surface of the substrate. However, 
even when minute holes are present, gallium nitride can 
cover the hole and grow over the surface of the metal 
film. 

[0042] The mask used in selective growth may be 
formed of any material on which the crystal of gallium 
nitride is less likely to be grown, and examples thereof 
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include Si0 2 and SiN x . 
[0043] The following examples further illustrate the in- 
vention, but should not be construed as limiting the 
scope of the invention. 

EXAMPLES 

(Example 1) 

[0044] A 0.1 nm-thick aluminum film was vapor de- 
posited as a metal film on a single crystal sapphire C- 
face substrate having a diameter of 50.8 mm (about 2 
in.) as a starting substrate. The substrate with the alu- 
minum film deposited thereon was analyzed by X-ray 
diffractometry. As a result, not only a diffraction peak at- 
tributable to the (0001) face of sapphire but also a dif- 
fraction peak attributable to the (111 ) face of aluminum 
was observed, confirming that the aluminum film had C- 
axis orientation. 

[0045] This substrate was placed in an MOCVD fur- 
nace (metal-organic chemical vapor deposition furnace; 
not shown) and was heated in a hydrogen atmosphere 
at 650° C for 30 min to clean the surface of the substrate 
and, at the same time, to improve the degree of orien- 
tation of aluminum. Subsequently, the growth of a 0.1 
um-thick aluminum nitride film on the surface of the alu- 
minum film was carried out using TMA (trimethylalumi- 
num) and ammonia as starting materials at 650°C in the 
same furnace. Further, the substrate temperature was 
raised to 1050°C, and a gallium nitride film was grown 
to a thickness of 1 p.m using TMG (trimethylgallium) and 
ammonia as starting materials. 

[0046] This substrate was transferred into an HVPE 
furnace, and gallium nitride was deposited on the sur- 
face of the substrate to a thickness of 300 urn. In this 
case, ammonia and gallium chloride were used as start- 
ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature = 1 050°C, and growth rate = 80 
u.m/hr. 

[0047] Fig. 1 shows a cross-sectional view showing 
the structure of the gallium nitride epitaxial laminate sub- 
strate thus obtained as a laminate substrate. 
[0048] Specifically, Fig. 1 is a cross-sectional view 
showing one preferred embodiment of a gallium nitride 
epitaxial laminate substrate to which the production 
process of a gallium nitride crystal substrate according 
to the invention has been applied. 
[0049] In this drawing, numeral 1 designates a single 
crystal sapphire C-face substrate as a starting sub- 
strate, numeral 2 a metal film having C-axis orientation, 
numeral 3 an aluminum nitride film, and numeral 4 a gal- 
lium nitride film. 

[0050] The laminate substrate 5, which had been tak- 
en out of the HVPE furnace, was immersed in a mixed 
liquid composed of hydrochloric acid and aqueous hy- 
drogen peroxide. As a result, the aluminum film was se- 
lectively etched, and the gallium nitride film 4 was sep- 
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arated from the single crystal C-face sapphire substrate 
1. Since a thin layer of aluminum nitride was adhered 
onto one side (underside in the drawing) of the gallium 
nitride film 4, this thin layer was removed by polishing 
5 with a polishing liquid containing diamond abrasive 
grains. As a result, a single crystal free standing sub- 
strate of gallium nitride was provided. 
[0051] The single crystal substrate of gallium nitride 
was measured for warpage. As a result, the radius of 
10 curvature of the warpage was about 4 m, confirming that 
the single crystal substrate was very flat. Further, the 
surface of the single crystal substrate of gallium nitride 
was observed by atomic force microscopy to measure 
the density of surface pits. As a result, the density was 
15 as low as 2 x 10 5 pits/cm 2 , confirming that the single 
crystal substrate of gallium nitride had high crystallinity. 

(Example 2) 

20 [0052] A single crystal sapphire C-face substrate hav- 
ing a diameter of 50.8 mm (about 2 in.) as a starting 
substrate was placed in an MOCVD furnace, and a gal- 
lium nitride film was grown at 600°C to a thickness of 
50 nm using TMG and ammonia as starting materials. 

25 Thereafter, the temperature of the substrate was raised 
to 1050°C, and the gallium nitride film was grown to a 
thickness of 1 nm. 

[0053] A 0.1 (im-thick gold film as a metal film was 
vapor deposited on this substrate, followed by analysis 
30 by X-ray diffractometry. As a result, a diffraction peak 
attributable to the (111) face of the gold film was ob- 
served, confirming that the gold film had C-axis orienta- 
tion. 

[0054] This substrate was placed again in an MOCVD 
35 furnace. In this furnace, an aluminum nitride film was 
grown using TMA and ammonia as starting materials to 
a thickness of 0.1 urn at a substrate temperature of 
850°C. Further, the substrate temperature was raised 
to 1 050°C, and starting materials were changed to TMG 
40 and ammonia, followed by the growth of a gallium nitride 
film to a thickness of 2 u.m. 

[0055] Next, this substrate was transferred into an 
HVPE furnace, and gallium nitride was deposited on the 
surface of the substrate to a thickness of 300 urn. In this 
45 case, ammonia and gallium chloride were used as start- 
ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature = 1050°C, and growth rate = 80 
|xm/hr. 

so [0056] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in aqua 
regia approximately overnight to dissolve and remove 
the gold film, whereby the sapphire substrate could be 
separated from the gallium nitride film. Thus, a single 

55 crystal free standing substrate of gallium nitride was pre- 
pared. The surface of the single crystal substrate of gal- 
lium nitride was observed by atomic force microscopy 
to measure the density of surface pits. As a result, the 
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density was as low as 4 x 10 5 pits/cm 2 , confirming that 
the single crystal substrate of gallium nitride had high 
crystallinity. 

(Example 3) 

[0057] A single crystal sapphire C-face substrate hav- 
ing a diameter of 50.8 mm (about 2 in.) was provided as 
a starting substrate. A silver film was deposited as a 
metal film by sputtering to a thickness of 200 nm on the 
substrate. This substrate was placed in an MOCVD fur- 
nace, and a gallium nitride film was grown on the surface 
of the silver film at a substrate temperature of 600°C to 
a thickness of 50 nm using TMG and ammonia as start- 
ing materials. Thereafter, the temperature of the sub- 
strate was raised to 1050°C, and the gallium nitride film 
was grown using TMG and ammonia as starting mate- 
rials to a thickness of 1 um. 

[0058] This substrate was then transferred into an 
HVPE furnace, and gallium nitride was deposited on the 
surface of the substrate to a thickness of 300 um. In this 
case, ammonia and gallium chloride were used as start- 
ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature = 1050°C, and growth rate = 80 
um/hr. 

[0059] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in hot 
sulfuric acid to dissolve and remove the silver film, 
whereby the sapphire substrate could be separated 
from the gallium nitride film. Thus, a single crystal free 
standing substrate of gallium nitride was prepared. 
[0060] The surface of the single crystal substrate of 
gallium nitride was observed by atomic force microsco- 
py to measure the density of surface pits. As a result, 
the density was as low as 9 x 10 4 pits/cm 2 , confirming 
that the single crystal substrate of gallium nitride had 
high crystallinity. 

(Example 4) 

[0061] A single crystal of gallium nitride was grown by 
MOCVD to a thickness of 1 um on a single crystal sap- 
phire C-face substrate having a diameter of 50.8 mm 
(about 2 in.) as a starting substrate in the same manner 
as in Example 2. A nickel film as a metal film was vapor 
deposited on this substrate to a thickness of 0.1 um, and 
the deposited substrate was then placed in an MOCVD 
furnace, where the substrate was heated in a hydrogen 
atmosphere at 1200°C for 30 min to clean the surface 
of the substrate. Subsequently, an aluminum nitride film 
was grown in the same furnace using TMA and ammo- 
nia as starting materials at a temperature of 1 060°C to 
a thickness of 0.1 urn on the substrate. Next, the starting 
materials were changed to TMG and ammonia, and a 
gallium nitride film was grown on the substrate in the 
same furnace to a thickness of 1 um. 
[0062] This substrate was transferred into an HVPE 



furnace, and gallium nitride was deposited on the sur- 
face of the substrate to a thickness of 300 um. In this 
case, ammonia and gallium chloride were used as start- 
ing materials for the growth. The growth was carried out 
5 under conditions of pressure = atmospheric pressure, 
substrate temperature = 1060°C, and growth rate = 85 
um/hr. During the growth, dichlorosilane was flowed as 
a dopant gas to dope silicon into the gallium nitride crys- 
tal. 

[0063] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in aqua 
regia approximately overnight to dissolve and remove 
the nickel film, whereby the sapphire substrate could be 
separated from the gallium nitride film. Thus, a single 
crystal free standing substrate of gallium nitride was pre- 
pared. 

[0064] The carrier density of the single crystal sub- 
strate of gallium nitride was measured by the Pauw 
method and was found to be 8 x 1 0 18 cm -3 . Thus, it was 
confirmed that a high-carrier density, n-type gallium ni- 
tride single crystal substrate was prepared. 
[0065] The surface of the single crystal substrate of 
gallium nitride was observed by atomic force microsco- 
py to measure the density of surface pits. As a result, 
the density was as low as 6 x 1 0 5 pits/cm 2 , confirming 
that the single crystal substrate of gallium nitride had 
high crystallinity. 

(Example 5) 

[0066] A single crystal sapphire c-face substrate hav- 
ing a diameter of 50.8 mm (about 2 in.) was provided as 
a starting substrate. Titanium was vapor deposited as a 
metal film to a thickness of 0.1 um on the substrate, and 
gold was then vapor deposited on the deposited sub- 
strate to a thickness of 10 to 20 nm for oxidation pre- 
vention purposes. 

[0067] This substrate was placed in an MBE (molec- 
ular beam epitaxy) furnace, and a gallium nitride film 
was grown on the substrate at 700° C to a thickness of 
0.5 jim. This substrate was transferred into an HVPE 
furnace, and the gallium nitride was further deposited 
using ammonia and gallium chloride as starting materi- 
als on the substrate to a thickness of 300 um. The 
growth was carried out under conditions of pressure = 
atmospheric pressure, substrate temperature = 
1050°C, and growth rate = 80 um/hr. 
[0068] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in a 
mixed liquid composed of hydrofluoric acid and nitric ac- 
id. As a result, the titanium layer was selectively etched, 
and the gallium nitride film was separated from the sap- 
phire substrate. Thus, a single crystal free standing sub- 
strate of gallium nitride was prepared. 
[0069] The surface of the single crystal substrate of 
gallium nitride was observed by atomic force microsco- 
py to measure the density of surface pits. As a result, 
the density was as low as 2 x 10 5 pits/cm 2 , confirming 
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that the single crystal substrate of gallium nitride had 
high crystallinity. 

[0070] The single crystal free standing substrate of 
gallium nitride having high crystallinity as such had a 
high level of warpage due to thermal strain introduced 
at the time of growth, and the radius of curvature of the 
warpage was about 70 cm. This substrate was sand- 
wiched between smooth ceramic surface tables (not 
shown), and, in this state, strain relieving annealing was 
carried out at 1000°C for 2 hr. As a result, the radius of 
curvature of the warpage could be reduced to about 5 m. 

(Example 6) 

[0071] A silicon (111 ) substrate having a diameter of 
50.8 mm (about 2 in.) was provided as a starting sub- 
strate, and a copper film was vapor deposited as a metal 
film on the substrate to a thickness of 0.1 um. This sub- 
strate was placed in an MOCVD furnace, where the sub- 
strate was heated in a hydrogen atmosphere at 800°C 
for 30 min to clean the surface of the substrate and, at 
the same time, to improve the degree of orientation, 
Subsequently, an aluminum nitride film was grown in the 
same furnace using TMA and ammonia as starting ma- 
terials at a temperature of 800°C to a thickness of 0,1 
um on the surface of copper. Further, the substrate tem- 
perature was raised to 1 050°C, and a gallium nitride film 
was grown using TMG and ammonia as starting mate- 
rials to a thickness of 1 urn. 

[0072] This substrate was transferred into an HVPE 
furnace, and gallium nitride was deposited on the sur- 
face of the substrate to a thickness of 300 um. In this 
case, ammonia and gallium chloride were used as start- 
ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature = 1050°C, and growth rate = 80 
um/hr. 

[0073] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in aqua 
regia approximately overnight to completely dissolve 
and remove the silicon substrate and the copper film. 
Since a thin layer of aluminum nitride was adhered onto 
one side of the gallium nitride layer, this thin layer was 
removed by polishing with a polishing liquid containing 
diamond abrasive grains. Thus, a single crystal free 
standing substrate of gallium nitride was prepared. 
[0074] The surface of the single crystal substrate of 
gallium nitride was observed by atomic force microsco- 
py to measure the density of surface pits, As a result, 
the density was as low as 2 x 10 4 pits/cm 2 , confirming 
that the single crystal substrate of gallium nitride had 
high crystallinity. 

(Example 7) 

[0075] A silicon (111 ) substrate having a diameter of 
50.8 mm (about 2 in.) was provided as a starting sub- 
strate and was placed in an MOCVD furnace, and an 
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aluminum film was deposited as a metal film at 400°C 
on the surface of silicon in a hydrogen atmosphere while 
flowing TMA to a thickness of 0.2 urn. Subsequently, in 
the same furnace, the substrate temperature was raised 
5 to 600°C, and a gallium nitride film was grown using 
TMG and ammonia as starting materials on the surface 
of the aluminum film to a thickness of 0.01 um. Further, 
the substrate temperature was raised to 1050°C, and a 
gallium nitride film was grown using TMG and ammonia 
io as starting materials to a thickness of 2 um. 

[0076] This substrate was transferred into an HVPE 
furnace, and gallium nitride was deposited on the sur- 
face of the substrate to a thickness of 300 um. In this 
case, ammonia and gallium chloride were used as start- 
15 ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature = 1050°C, and growth rate = 80 
um/hr. 

[0077] The laminate substrate thus obtained was tak- 
20 en out of the HVPE furnace and was immersed in aqua 
regia approximately overnight to completely dissolve 
and remove the silicon substrate and the aluminum film. 
Thus, a single crystal free standing substrate of gallium 
nitride was prepared. 
25 [0078] The surface of the single crystal substrate of 
gallium nitride was observed by atomic force microsco- 
py to measure the density of surface pits. As a result, 
the density was as low as 4 x 10 4 pits/cm 2 , confirming 
that the single crystal substrate of gallium nitride had 
30 high crystallinity. 

(Example 8) 

[0079] A silicon (111) substrate having a diameter of 

35 50.8 mm (about 2 in.) was provided as a starting sub- 
strate and was placed in an MOCVD furnace, and an 
aluminum film was deposited as a metal film at a sub- 
strate temperature of 400° C on the surface of silicon 
substrate in a hydrogen atmosphere while flowing TMA 

40 to a thickness of 0.2 urn. Subsequently, in the same fur- 
nace, the substrate temperature was raised to 600°C, 
and a gallium nitride film was grown using TMA and am- 
monia as starting materials on the surface of the alumi- 
num film to a thickness of 0.1 um. Further, the substrate 

45 temperature was raised to 1 050°C, and a gallium nitride 
film was grown using TMG and ammonia as starting ma- 
terials to a thickness of 1 um on the substrate. 
[0080] This substrate was transferred into an HVPE 
furnace, and gallium nitride was deposited on the sur- 

50 face of the substrate to a thickness of 300 urn. In this 
case, ammonia and gallium chloride were used as start- 
ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature = 1050°C, and growth rate = 80 

55 um/hr. 

[0081] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in aqua 
regia approximately overnight to completely dissolve 
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and remove the silicon substrate and the aluminum film. 
Thus, a single crystal free standing substrate of gallium 
nitride was prepared. 

[0082] The surface of the single crystal substrate of 
gallium nitride was observed by atomic force microsco- 5 
py to measure the density of surface pits. As a result, 
the density was as low as 5 x 10 4 pits/cm 2 , confirming 
that the single crystal substrate of gallium nitride had 
high crystallinity. 

(Example 9) 

[0083] A silicon (111 ) substrate having a diameter of 
50.8 mm (about 2 in.) was provided as a starting sub- 
strate, and a silver film was vapor deposited as a metal 
film on the substrate to a thickness of 0.1 urn. This sub- 
strate was placed in an MOCVD furnace, where the sub- 
strate was heated in a hydrogen atmosphere at 650°C 
for 30 min to clean the surface of the substrate and, at 
the same time, to improve the degree of orientation. 
Subsequently, an aluminum nitride film was grown in the 
same furnace using TMA and ammonia as starting ma- 
terials at a temperature of 650° C to a thickness of 0.02 
urn on the surface of the silver film. Further, the sub- 
strate temperature was raised to 1050°C, and an alumi- 
num nitride film was grown using TMA and ammonia as 
starting materials to a thickness of 0.1 um. Next, the 
starting materials were changed to TMG and ammonia, 
and a gallium nitride film was grown to a thickness of 1 
jim. 

[0084] This substrate was transferred into an HVPE 
furnace, and gallium nitride was deposited on the sur- 
face of the substrate to a thickness of 400 um. In this 
case, ammonia and galtium chloride were used as start- 
ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature = 1 050°C, and growth rate = 80 
p.m/hr. 

[0085] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in nitric 
acid approximately overnight to completely dissolve and 
remove the silver film. Thus, a single crystal free stand- 
ing substrate of gallium nitride was prepared. 
[0086] The surface of the single crystal substrate of 
gallium nitride was observed by atomic force microsco- 
py to measure the density of surface pits. As a result, 
the density was as low as 1 x 10 5 pits/cm 2 , confirming 
that the single crystal substrate of gallium nitride had 
high crystallinity. 

(Example 10) 

[0087] An SOI (silicon on insulator) substrate, which 
has a diameter of 50.8 mm (about 2 in.) and has a sur- 
face having (111) crystallographic orientation, was pro- 
vided as a starting substrate and was placed in an MBE 
furnace (not shown). In this furnace, the substrate tem- 
perature was raised to 400°C, and an aluminum film was 



deposited as a metal film on the substrate to a thickness 
of 50 nm. Thereafter, plasma cracked nitrogen was in- 
troduced into the same furnace to nitrify only the surface 
of the aluminum film. 

[0088] This substrate was placed in an HVPE furnace, 
and gallium nitride was deposited on the surface of the 
substrate to a thickness of 300 urn. In this case, ammo- 
nia and gallium chloride were used as starting materials 
for the growth. The growth was carried out under con- 
ditions of pressure = atmospheric pressure, substrate 
temperature = 1050°C, and growth rate = 80 urn/hr. 
[0089] The laminate substrate thus obtained was im- 
mersed in a mixed liquid composed of hydrochloric acid 
and aqueous hydrogen peroxide. As a result, the alumi- 
num film was preferentially etched, and the gallium ni- 
tride layer was separated from the SOI substrate. The 
single crystal free standing substrate of gallium nitride 
thus obtained was measured for the level of warpage. 
As a result, the radius of curvature of the warpage of the 
substrate was about 4 m, confirming that the substrate 
was very flat. 

(Example 11) 

[0090] A silicon (111) substrate having a diameter of 
76.2 mm (about 3 in.) was provided as a starting sub- 
strate, and an aluminum film was deposited as a metal 
film on the substrate by means of a sputtering device 
(not shown) to a thickness of 0.1 |im. This substrate was 
placed in an HVPE furnace, wherein the deposited sub- 
strate was heated in an ammonia atmosphere at 600°C 
for 10 min to nitride only the surface of the aluminum 
film. Subsequently, gallium nitride was deposited to a 
thickness of 350 urn. In this case, ammonia and gallium 
chloride were used as starting materials for the growth. 
The growth was carried out under conditions of pressure 
= atmospheric pressure, substrate temperature = 
1050°C, and growth rate = 80 u.m/hr. During the growth, 
dichlorosilane was flowed as a dopant gas to dope sili- 
con into the gallium nitride crystal. 
[0091] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in aqua 
regia overnight to completely dissolve and remove the 
silicon substrate and the aluminum film. Thus, a single 
crystal freestanding substrate of gallium nitride was pre- 
pared. 

[0092] The carrier density of the single crystal sub- 
strate of gallium nitride was measured and was found 
to be 8 x 10 18 cm- 3 . Thus, it was confirmed that a high- 
carrier density, n-type gallium nitride single crystal sub- 
strate was prepared. 

(Example 12) 

[0093] A single crystal gallium nitride substrate having 
a diameter of 50.8 mm (about 2 in.) produced by the 
method described in Example 2 was provided as a start- 
ing substrate, and a gold film was vapor deposited as a 
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metal film on the single crystal gallium nitride substrate 
to a thickness of 0.1 um. This deposited substrate was 
placed in an MOCVD furnace, and an aluminum nitride 
film was grown at a substrate temperature of 850°C us- 
ing TMA and ammonia as starting materials on the sub- 
strate to a thickness of 0.1 um. Further, the substrate 
was heated to a temperature of 1 050°C, and the starting 
materials were changed to TMG and ammonia, followed 
by the growth of gallium nitride on the substrate to a 
thickness of 2 um. 

[0094] Next, this substrate was transferred into an 
HVPE furnace, and gallium nitride was deposited on the 
surface of the substrate to a thickness of 300 um. In this 
case, ammonia and gallium chloride were used as start- 
ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature - 1050°C, and growth rate = 80 
um/hr. 

[0095] The laminate substrate thus obtained was tak- 
en out of the HVPE furnace and was immersed in aqua 
regia overnight to dissolve and remove the gold film, 
whereby the underlying gallium nitride substrate could 
be separated from an epitaxially grown thick gallium ni- 
tride film. The surface of the single crystal substrate of 
gallium nitride thus newly obtained was observed by 
atomic force microscopy to measure the density of sur- 
face pits. As a result, the density was 1 x 10 5 pits/cm 2 , 
confirming that the number of pits was smaller than that 
in the underlying substrate and the repeated application 
of the production process according to the invention 
could provide a single crystal substrate of gallium nitride 
having higher crystallinity. 

(Example 13) 

[0096] Fig. 2 is a cross-sectional view showing anoth- 
er preferred embodiment of a gallium nitride epitaxial 
laminate substrate to which the production process of a 
gallium nitride crystal substrate according to the inven- 
tion has been applied. In Figs. 1 and 2, like members 
were identified with the same reference numerals. 
[0097] A single crystal sapphire C-face substrate 1 
having a diameter of 50.8 mm (about 2 in.) was provided 
as a starting substrate, and a gold film 2 was vapor de- 
posited as a metal film on the substrate to a thickness 
of 300 nm. An Si0 2 film 6 was deposited on the sub- 
strate by thermal CVD to a thickness of 0.5 urn, and 
stripe windows parallel to <11-20> were formed by pho- 
tolithography in the Si0 2 film to expose the gold film 2. 
The width of the windows was about 3 um, and the width 
of the mask was about 7 um. This substrate was placed 
in an MOCVD furnace. In this furnace, an aluminum ni- 
tride film 3 was grown using TMA and ammonia as start- 
ing materials at a substrate temperature of 800°C on the 
surface of the gold film 2 to a thickness of 100 nm. Fur- 
ther, the substrate temperature was raised to 1050°C, 
and a gallium nitride film 4 was grown using TMG and 
ammonia as starting materials on the substrate to a 
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thickness of 1 um. Gallium nitride was first selectively 
grown on the window portion, and after the windows of 
the mask 6 were filled with the gallium nitride, gallium 
nitride was laterally grown on the mask to cover the 
5 whole surface of the substrate. Finally, a gallium nitride 
film having a flat surface was formed. 
[0098] This substrate was transferred into an HVPE 
furnace, and gallium nitride was further deposited on the 
surface of the substrate to a thickness of 300 um. In this 
case, ammonia and gallium chloride were used as start- 
ing materials for the growth. The growth was carried out 
under conditions of pressure = atmospheric pressure, 
substrate temperature = 1050°C, and growth rate = 80 
H.m/hr. After the completion of the growth, a laminate 
substrate 7 shown in Fig. 2 was provided. 
[0099] The laminate substrate 7 thus obtained was 
taken out of the HVPE furnace and was immersed in 
aqua regia to dissolve and remove the gold film 2, 
whereby the single crystal sapphire C-face substrate 1 
was separated from the gallium nitride film 4. The Si0 2 
mask 6, which had been embedded in the gallium nitride 
film 4 on its substrate 1 side, was removed by mechan- 
ical polishing with diamond abrasive grains. Thus, a sin- 
gle crystal free standing substrate 4 of gallium nitride 
was prepared. 

[0100] The surface of the single crystal substrate 4 of 
gallium nitride was observed by atomic force microsco- 
py to measure the density of surface pits. As a result, 
the density was as low as 1 x 10 4 pits/cm 2 , confirming 
that the single crystal substrate of gallium nitride had 
high crystallinity. 

(Example 14) 

[0101] Fig. 3 is a cross-sectional view showing still an- 
other preferred embodiment of a gallium nitride epitaxial 
laminate substrate to which the production process of a 
gallium nitride crystal substrate according to the inven- 
tion has been applied. 

[0102] A single crystal sapphire C-face substrate 1 
having a diameter of 50.8 mm (about 2 in.) was provided 
as a starting substrate, and a silver film 2 was deposited 
as a metal film by sputtering on the substrate to a thick- 
ness of 200 nm. This substrate was placed in an 
MOCVD furnace. In this furnace, an aluminum nitride 
film 3 was grown using TMA and ammonia as starting 
materials at a substrate temperature of 800° C on the 
surface of the silver film 2 to a thickness of 150 nm. Sub- 
sequently, the substrate temperature was raised to 
1050°C, and a gallium nitride film was grown using TMG 
and ammonia as starting materials on the substrate to 
a thickness of 1 um. An Si0 2 film 6 was deposited on 
the substrate by PCVD to a thickness of 0.6 um, and 
stripe windows parallel to <1-1 00> were formed by pho- 
tolithography in the Si0 2 film to expose the gallium ni- 
tride film. The width of the windows was about 2 um, 
and the width of the mask was about 8 um. This sub- 
strate was transferred into an HVPE furnace. In this fur- 
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nace, gallium nitride 4 was deposited on the surface of 
the substrate to a thickness of 300 um. In this case, am- 
monia and gallium chloride were used as starting mate- 
rials for the growth. The growth was carried out under 
conditions of pressure = atmospheric pressure, sub- 5 
strate temperature = 1 050°C, and growth rate - 100 um/ 
hr. After the completion of the growth, a laminate sub- 
strate 8 shown in Fig. 3 was provided. 
[0103] The laminate substrate 8 thus obtained was 
taken out of the H VP E furnace and was immersed in hot 1 o 
sulfuric acid to dissolve and remove the silver film 2, 
whereby the single crystal sapphire C-face substrate 1 
was separated from the gallium nitride film 4. Thus, a 
single crystal free standing substrate 4 of gallium nitride 
was prepared. The surface of the single crystal sub- ts 
strate 4 of gallium nitride was observed by atomic force 
microscopy to measure the density of surface pits. As a 
result, the density was as low as 2 x 1 0 4 pits/cm 2 , con- 
firming that the single crystal substrate of gallium nitride 
had high crystal linity. 20 

(Example 15) 

[0104] Fig. 4 is a cross-sectional view showing a fur- 
ther preferred embodiment of a gallium nitride epitaxial 25 
laminate substrate to which the production process of a 
gallium nitride crystal substrate according to the inven- 
tion has been applied. 

[0105] A single crystal gallium nitride substrate 4 hav- 
ing a diameter of 50,8 mm (about 2 in.) produced by the 30 
method described in Example 2 was provided as a start- 
ing substrate, and an Si0 2 film 31 was deposited on the 
single crystal gallium nitride substrate 4 by thermal CVD 
to a thickness of 0.5 um, and stripe windows 32 parallel 
to <1 1 -20> were formed by photolithography in the Si0 2 35 
film 31 to expose the surface of the gallium nitride sub- 
strate. The width of the windows 32 was about 3 um, 
and the width of the mask of the Si0 2 film 31 was about 
7 jim. 

[0106] This substrate was placed in an MOCVD fur- 40 
nace. In this furnace, the substrate temperature was 
raised to 1050°C, and a gallium nitride film 33 was 
grown using TMG and ammonia as starting materials to 
a thickness of 2 um. Gallium nitride was first selectively 
grown on the windows 32, and after the windows of the 45 
mask were filled with the gallium nitride, gallium nitride 
was laterally grown on the mask to cover the whole sur- 
face of the substrate. Finally, a gallium nitride film 33 
having a flat surface was formed. A gold film 34 was 
vapor deposited as a metal film on the substrate to a so 
thickness of 0.1 urn. This deposited substrate was then 
placed in an HVPE furnace, and gallium nitride 35 was 
deposited on the surface of the substrate to a thickness 
of 300 um. In this case, ammonia and gallium chloride 
were used as starting materials for the growth. The 55 
growth was carried out under conditions of pressure = 
atmospheric pressure, substrate temperature = 
1050°C, and growth rate = 80 um/hr. After the comple- 



tion of the growth, a laminate substrate 9 was provided. 
[0107] The laminate substrate 9 thus obtained was 
taken out of the HVPE furnace and was immersed in 
aqua regia overnight to dissolve and remove the gold 
film 34, whereby the underlying epitaxially grown gal- 
lium nitride substrate 4 could be separated from the gal- 
lium nitride film 35 epitaxially grown by HVPE. The sur- 
face of the single crystal substrate 35 of gallium nitride 
was observed by atomic force microscopy to measure 
the density of surface pits. As a result, the density was 
as low as 1 x 10 5 pits/cm 2 , confirming that the single 
crystal substrate 35 of gallium nitride had high crystal- 
linity. 

(Example 16) 

[0108] A substrate having an LD structure was pre- 
pared by forming a silicon-doped (n = 5 x 10 17 cm -3 ) n- 
type GaN buffer layer (thickness = about 2.0 um) 10, a 
silicon-doped (n = 5 x 10 17 cm" 3 ) n-type AI 007 Ga 0 .93N 
cladding layer (thickness = about 1.0 um) 11, a silicon- 
doped (n = 1 x 10 17 cm- 3 ) n-type GaN SCH layer (thick- 
ness - about 0.1 um) 12, a silicon-doped (or undoped) 
ln 02 Ga 08 N/ln 005 Ga 0 95N multiple quantum well layer 
(30 angstroms/50 angstroms x 3) 13, a magnesium- 
doped (p = 2 x 10 19 cm -3 ) p-type Al 0 2 Ga 0 91 N overflow 
preventive layer (thickness = about 0.02 um) 14, a mag- 
nesium-doped (p = 2 x 10 19 cm -3 ) p-type GaN optical 
confinement layer (thickness = about 0.1 um) 1 5, a mag- 
nesium-doped (p = 2 x 10 19 cnrr 3 ) p-type AI 007 Ga 093 N 
cladding layer (thickness = about 0.5 um) 16, and a 
magnesium-doped (p = 2 x 10 19 cm- 3 ) p-type GaN con- 
tact layer (thickness = about 0.05 um) 17 in that order 
on the n-type gallium nitride single crystal, free standing 
substrate 35 prepared in the production process de- 
scribed in Example 15. 

[0109] Thereafter, as shown in Fig. 5, the substrate 
having an LD structure on its p side was subjected to 
dry etching to form a ridge structure having a width of 
about 4 um and a depth of about 0.4 um for current con- 
striction. Further, a nickel/gold electrode was formed as 
a p-type ohmic electrode 1 8 on the top of the ridge. A 
titanium/aluminum electrode was formed as an n-type 
ohmic electrode 1 9 on the whole surface of the substrate 
having an LD structure on its free standing GaN sub- 
strate side. Further, a highly reflective coating (not 
shown) of Ti0 2 /Si0 2 was formed on both end faces. The 
length of the device 20 was 500 um. This device 20 was 
energized. As a result, continuous oscillation took place 
at room temperature at a threshold current density of 
4.5 kA/cm 2 and a threshold voltage of 5.5 V. Further, by 
virtue of reduced crystal defect, when the device 20 was 
driven under conditions of 25°C and 30 mW, the service 
life of the device 20 was as long as 5000 hr. Further- 
more, by virtue of reduced warpage of the substrate, the 
use of the free standing substrate according to the in- 
vention could realize a significant improvement in yield 
at the time of processing, and good characteristics could 
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be provided in not less than 80% of devices. 
[0110] Fig. 5 is a cross-sectional view showing one 
preferred embodiment of a light emitting device using 
the gallium nitride crystal substrate according to the in- 
vention. 5 
[01 1 1] Next, optimal conditions will be described. 
[0112] The thickness of the metal film grown on the 
substrate is preferably in the range of 10 to 1000 nm. 
The reason for this is as follows. When the thickness of 
the metal film is less than 10 nm, it becomes difficult for 
the metal film to cover the whole surface of the sub- 
strate. In this case, this renders the nucleation of gallium 
nitride crystal grown on the metal film uneven, resulting 
in deteriorated crystallinity of the gallium nitride film. On 
the other hand, the thickness of the metal film exceeds 
1000 nm, the orientation of the metal film is disturbed, 
resulting in deteriorated crystallinity of the gallium nitride 
film grown on the metal film. Further, when the thickness 
of the metal film is less than 1 0 nm, the substrate cannot 
be separated from the gallium nitride layer without diffi- 
culty. 

[01 1 3] The thickness of the gallium nitride film grown 
on the metal film is preferably not less than 50 jim. The 
reason for this is that, after the removal of the substrate, 
when the gallium nitride film is used as a free standing 
substrate, a thickness of the gallium nitride film of less 
than 50 urn leads to a lack of mechanical strength which 
is likely to cause cracking and is likely to cause defor- 
mation such as warpage. 

[01 1 4] Here the use of the metal film as a buffer layer 
can significantly reduce strain derived from a difference 
in a lattice constant or a coefficient of thermal expansion 
between the substrate and gallium nitride. In order to 
reduce the defect density in gallium nitride, however, a 
lattice constant and a coefficient of thermal expansion 
of the substrate closer to gallium nitride provide better 
results. Accordingly, when the invention is again prac- 
ticed using as the substrate the gallium nitride, free 
standing substrate produced according to the invention, 
a gallium nitride, free standing substrate having lower 
defect density can be provided. 

[0115] When the metal film is formed of aluminum, the 
nitride crystal, which is first grown on the aluminum film, 
is preferably grown at a temperature of 660°C or below. 
When the aluminum film is heated at a temperature of 
660°C or above, aluminum is melted, leading to distur- 
bance of the orientation. In this case, a single crystal 
nitride film cannot be grown on the aluminum film. Once 
the nitride film is deposited on the metallic aluminum 
film, even when the aluminum film is melted, the crys- 
tallinity of the gallium nitride film grown thereon is not 
disturbed. For the same reason as described above, the 
growth temperature of the nitride crystal, which is first 
grown on the metal film, is preferably below the melting 
point of the metal. 

[0116] The gallium nitride film is preferably grown by 
HVPE (hydride vapor phase epitaxy), because the crys- 
tal growth rate is high and a thick film can be easily 
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formed. However, other methods such as MOCVD (met- 
al-organics chemical vapor deposition) may be used. 
Further, a method comprising a combination of a plural- 
ity of growth methods may be used. For example, a 
method may be adopted wherein a part of the gallium 
nitride film is grown by MOCVD and the gallium nitride 
film is then grown to large thickness by HVPE. 
[0117] In the above preferred embodiments, a single 
crystal sapphire C-face substrate or a silicon (111 ) sub- 
strate was used. Alternatively, a single crystal silicon 
carbide C-face substrate or a polycrystalline silicon car- 
bide C-axis oriented substrate may also be used. In ad- 
dition to silicon, germanium (Ge), GaAs, GaP, InP and 
the like may be used for the single crystal semiconductor 
substrate. Instead of gallium nitride grown on the metal 
film, a single crystal, free standing substrate of a ternary 
compound crystal, such as aluminum gallium nitride or 
gallium indium nitride, may be prepared. This can also 
be applied to the preparation of a p-type gallium nitride 
substrate doped with magnesium or the like. An alloy 
film of NiAl, NiGa, CoAl, CoGa or the like may be used 
instead of the film of an elemental an elemental metal. 
A method may be adopted wherein an element having 
surfactant effect, such as silicon, is first adsorbed onto 
the surface of the metal film and the gallium nitride film 
is then grown to further reduce the defect density. Re- 
garding selective growth using the mask, for example, 
dotted windows or checkered windows may be used in- 
stead of stripe windows. A method may be adopted 
wherein the metal film per se is patterned and gallium 
nitride is selectively grown on the metal film to reduce 
the defect density in the gallium nitride. 
[01 1 8] The gallium nitride crystal substrate according 
to the invention may be used as a substrate for gallium 
nitride devices. In particular, when the gallium nitride 
crystal substrate according to the invention is used as 
a substrate for laser diodes, since a good gallium nitride 
crystal having low defect density can be provided, a 
highly reliable laser diode can be realized. 
[0119] As described above, according to the inven- 
tion, 

(1) since the substrate can be easily removed, a 
free standing substrate of a single crystal of gallium 
nitride having a large size and a uniform shape can 
be easily formed; 

(2) since the substrate can be easily removed, a 
free standing substrate of a single crystal of gallium 
nitride free from crack and damage can be easily 
prepared; 

(3) since the metal film can reduce strain derived 
from a difference in lattice constant and a difference 
in coefficient of thermal expansion between the ba- 
sal substrate and the gallium nitride film, a free 
standing substrate of a single crystal of gallium ni- 
tride having low defect density and good crystal 
quality can be prepared; 

(4) a free standing substrate of a single crystal of 
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gallium nitride can be prepared using environmen- 
tally friendly materials and methods; and 
(5) a light emitting device having high output and 
long service life can be prepared on a free standing 
substrate of a single crystal of gallium nitride having 
low defect density and good crystal quality. 

[0120] In summary, the invention can realize a proc- 
ess for producing, in a simple manner, a gallium nitride 
crystal substrate, which has low defect density and has 
not been significantly contaminated with impurities, and 
a gallium nitride crystal substrate produced by the pro- 
duction process. 

[0121 ] The invention has been described in detail with 
particular reference to preferred embodiments, but it will 
be understood that variations and modifications can be 
effected within the scope of the invention as set forth in 
the appended claims. 



Claims 

1. A process for producing a gallium nitride crystal 
substrate, comprising the steps of: 

depositing a metal film on a starting substrate, 
which is any one of a single crystal sapphire 
substrate, a substrate comprising a single crys- 
tal gallium nitride film grown on a sapphire sub- 
strate, and a single crystal semiconductor sub- 
strate; 

depositing a gallium nitride film on the metal 
film to form a laminate substrate; and 
removing the starting substrate from the lami- 
nate substrate with the gallium nitride film de- 
posited thereon to prepare a free standing gal- 
lium nitride crystal substrate. 

2. A process for producing a gallium nitride crystal 
substrate, comprising the steps of: 

depositing a metal film on a starting substrate, 
which is any one of a single crystal sapphire 
substrate, a substrate comprising a single crys- 
tal gallium nitride film grown on a sapphire sub- 
strate, and a single crystal semiconductor sub- 
strate; 

forming a mask region and a gallium nitride se- 
lective growth region formed of a patterned 
mask material on the metal film; 
depositing, using the selective growth region as 
an origin, a gallium nitride film on the selective 
growth region and the mask region to form a 
laminate substrate; and 
removing the starting substrate from the lami- 
nate substrate with the gallium nitride film de- 
posited thereon to prepare a free standing gal- 
lium nitride crystal substrate. 
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A process for producing a gallium nitride crystal 
substrate, comprising the steps of: 

depositing a metal film on a starting substrate, 
which is any one of a single crystal sapphire 
substrate, a substrate comprising a single crys- 
tal gallium nitride film grown on a sapphire sub- 
strate, and a single semiconductor crystal sub- 
strate; 

depositing a gallium nitride film on the metal 
film; 

forming a mask region and a gallium nitride se- 
lective growth region formed of a patterned 
mask material on the gallium nitride film; 
again depositing, using the selective growth re- 
gion as an origin, a gallium nitride film on the 
selective growth region and the mask region to 
form a laminate substrate; and 
removing the starting substrate from the lami- 
nate substrate with the gallium nitride film again 
deposited thereon to prepare a free standing 
gallium nitride crystal substrate. 

A process for producing a gallium nitride crystal 
substrate, comprising the steps of: 

forming a mask region and a gallium nitride se- 
lective growth region formed of a patterned 
mask material on a starting substrate, which is 
any one of a single crystal sapphire substrate, 
a substrate comprising a single crystal gallium 
nitride film grown on a sapphire substrate, and 
a single crystal semiconductor substrate: 
depositing, using the selective growth region as 
an origin, a gallium nitride film on the selective 
growth region and the mask region: 
forming a metal film on the gallium nitride film; 
again depositing a gallium nitride film on the 
metal film to form a laminate substrate; and 
removing the starting substrate from the lami- 
nate substrate with the gallium nitride film again 
deposited thereon to prepare a free standing 
gallium nitride crystal substrate. 

The process according to any one of claims 1 to 4, 
which uses, as the starting substrate, the free 
standing gallium nitride crystal substrate produced 
by the process according to any one of claims 1 to 4. 

The process according to any one of claims 1 to 5, 
wherein the metal film is a metal film having C-axis 
orientation. 

The process according to any one of claims 1 to 6, 
wherein the metal film is formed of a member se- 
lected from the group consisting of aluminum, gold, 
silver, copper, platinum, iron, nickel, titanium, zirco- 
nium, and hafnium and alloys containing any one of 
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said metals. 

8. The process according to any one of claims 1 to 7, 
wherein the metal film has a thickness in the range 

of 10 to 1000 nm. 5 

9. The process according to any one of claims 1 to 8, 
wherein the gallium nitride is deposited to a thick- 
ness of not less than 50 nm on the metal film. 

10 

10. The process according to any one of claims 1 to 9, 
wherein aluminum nitride is deposited on the metal 
film and gallium nitride is deposited on the alumi- 
num nitride. 

15 

11. The process according to any one of claims 1 to 10, 
wherein a part or the whole of the step of depositing 
gallium nitride is carried out by HVPE (hydride va- 
por phase epitaxy). 

20 

12. The process according to any one of claims 1 to 11, 
wherein the step of removing the starting substrate 
is the step of separating the gallium nitride film from 
the substrate through the metal film. 

25 

13. The process according to claim 12, wherein the gal- 
lium nitride film is separated from the starting sub- 
strate by etching the metal film. 

14. A free standing gallium nitride crystal substrate ob- 30 
tainable by the process according to any one of 
claims 1 to 13. 
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